Living donor liver transplantation using the left liver graft with the middle hepatic vein (MHV) is a well-established procedure. Following such procedures, outflow obstruction occurs in remnant livers. However, the effects of the outflow-obstructed liver volume (LV Out-Ob ), with or without venous communication development, remain unclear. The aim of the study is to investigate effects of outflow-obstructed regions by focusing on short-term outcomes and remnant liver hypertrophy in left liver procurement donors. Of 532 donors, we collected data from 119 undergoing left liver procurement with the MHV. Postoperative hepatic parameters, venous communication development, and liver hypertrophy were evaluated in 2 donor groups based on LV Out-Ob . The left liver was procured with the MHV in 119 donors, who formed 2 more groups based on the median LV Out-Ob : large-outflow-obstruction group (n 5 60; LV Out-Ob 263 mL) and small-outflow-obstruction (n 5 59; LV Out-Ob < 263 mL) group. Postoperative liver function parameters were significantly impaired in the large-outflow-obstruction group compared with the small-outflow-obstruction group. Postoperative venous communication developed in 52 (66.7%) of 78 donors analyzed. Hypertrophy ratios in remnant right livers and right paramedian sectors were significantly higher in the smalloutflow-obstruction group than in the large-outflow-obstruction group (P 5 0.01 and P 5 0.02, respectively). The liver hypertrophy ratio of outflow-obstructed regions was better, especially in small regions developing venous communication (P 5 0.001). The postoperative morbidity rate did not differ significantly (P 5 0.66). In conclusion, the procurement of the left liver graft with the MHV was safely performed with minimal morbidity by assessing the donor remnant right liver volume with and without outflow obstruction. Attention should be paid that postoperative hepatic parameters and remnant liver hypertrophy were impaired in the remnant livers with large outflow-obstructed regions compared with those with small outflow-obstructed regions.
Following such a procedure, outflow obstruction occurs in the donor remnant liver and can cause portal vein regurgitation (4) or the development of intersegmental venous communication.
(5-7) Our group previously reported impaired regeneration in the right paramedian sector (8) and elevated alanine aminotransferase (ALT) levels (9) in donors who underwent left liver procurement including the MHV. However, liver volume of hepatic vein (HV) or portal vein territory was not accurately assessed because volumetric analysis using 3-dimensional computed tomography (CT) was unavailable during the early 2000s. The effects of the outflow-obstructed liver volume (LV Out-Ob ), with or without development of venous communication, on short-term outcomes and regeneration remain unclear.
The aim of the present study was to investigate the effects of outflow-obstructed regions on the remnant liver with special reference to LV Out-Ob and development of venous communication, by focusing on shortterm outcomes and remnant liver hypertrophy.
Patients and Methods

PATIENTS
From January 1996 to July 2014, a total of 532 donors underwent partial liver graft procurement for living donor liver transplantation at the University of Tokyo Hospital. The prospectively maintained clinical records of all donors were reviewed retrospectively for this study. Of the 532 donors, 119 consecutive donors underwent procurement of a left liver graft with the MHV and were included in our analysis. There were 91 men and 28 women. The median age was 35 years (interquartile range [IQR] , 27-50 years). The median body mass index (BMI) was 22.6 kg/m 2 (IQR, 20.7-24.2 kg/m 2 ). The median follow-up period for the study population was 115 months (range, 8-204 months). This study was conducted with the approval of the institutional ethics review board of the University of Tokyo. Written informed consent was obtained from all patients.
GRAFT SELECTION CRITERIA AND SURGICAL TECHNIQUES
The indication for living donor liver transplantation and the type of liver graft were determined according to the remnant liver volume (RLV)/total liver volume (TLV) ratio in living donors and the graft volume/ standard liver volume ratio (10) in recipients. (11) The minimum requirement for the graft was 40% of the recipient standard liver volume. Also, after volumetric analysis of venous tributaries became available in 2004, the donor RLV without outflow obstruction had to be >30% of the TLV of the donor. The hepatic function of outflow-obstructed regions is estimated as 0% to ensure the donor's safety.
The surgical techniques that we use for left liver procurement are described elsewhere. (12) Briefly, anesthetized patients are positioned in a supine position. Parenchymal transection is performed using an ultrasonic dissector and the clamp crushing method. The left hepatic duct is ligated and divided while referring to radiographic cholangiography. The trunk of the MHV and left HV is divided, generally at their confluence. The stumps of the MHV tributaries (so-called V5 and V8) are not reconstructed, and the outflowobstructed hepatic parenchyma is left in the remnant right liver. The caudate lobe is included in the left liver graft when the volume of the left lateral sector and segment IV is insufficient according to the above criteria. After graft procurement, hepatic vessel flow is examined using Doppler ultrasonography. A drainage tube is placed at the cut surface of the remnant liver. 
DEFINITION OF POSTOPERATIVE VENOUS COMMUNICATION
CT was performed approximately 90 days after the operation, and a radiologist (N.O.) reviewed the scans. Postoperative development of intersegmental venous communication between the MHV tributaries and the right hepatic vein (RHV) was classified into 4 categories: I, robust anastomosis; II, anastomosis through peripheral branches; III, no obvious anastomosis; and IV, no enhancement of the MHV tributaries (ie, nonperfusion; Supporting Fig. 1 ). Categories I and II were defined as positive development of venous communication, and categories III and IV were defined as no (negative) development.
POSTOPERATIVE LIVER FUNCTION PARAMETERS ACCORDING TO LV Out-Ob
Liver volume including regions drained by HV tributaries was calculated based on the preoperative CT scans using volume analysis software (Synapse Vincent; Fujifilm, Tokyo, Japan). LV Out-Ob of the remnant right liver was defined as follows: (remnant right liver volume) -(nonoutflow-obstructed liver volume [LV Non ] that was calculated as the volumes of RHV tributaries). Postoperative liver function parameters and the amount of ascites were evaluated and compared between donors with large outflow-obstructed regions and those with small outflow-obstructed regions (based on the median LV Out-Ob ). The parameters included serum aspartate aminotransferase (AST), ALT, total bilirubin (TB) levels, and the international normalized ratio (INR) of the prothrombin time (PT). The amount of ascites was calculated based on the discharge volumes from all drainage tubes.
EVALUATION OF REMNANT LIVER HYPERTROPHY ACCORDING TO LV Out-Ob
Remnant liver hypertrophy was calculated using the following formula:
( The hypertrophy ratios of the remnant right liver, right paramedian sector, and right lateral sector were compared between the 2 groups that were divided by the median LV Out-Ob . These hypertrophy ratios were also compared between donors with and without postoperative development of intersegmental venous communication.
STATISTICAL ANALYSIS
Categorical variables are expressed as n (%) and were compared between groups using Fisher's exact test or the chi-square test. Continuous variables are expressed as median (IQR) and were compared using Wilcoxon's rank sum test. Liver function parameters and remnant liver hypertrophy are expressed as the mean 6 standard deviation. The remnant liver hypertrophy ratios were compared using the Student t test and analysis of variance (ANOVA). Holm's method was used to adjust the P values in multiple testing on the demographic variables of the 3 groups. (13, 14) A value of P < 0.05 was considered to indicate statistical significance. Statistical analysis was conducted with JMP software, version 9.0.2 (SAS Institute Inc., Cary, NC) and EZR (Saitama Medical Center, Jichi Medical University, Saitama, Japan), which is a graphic user interface for R software (The R Foundation for Statistical Computing, Vienna, Austria). (15) 
Results
PATIENT CHARACTERISTICS
In total, 119 donors underwent left liver procurement with MHV removal and did develop outflow obstruction. The median LV Out-Ob in the remnant right liver of these 119 donors was 263 mL (IQR, 210-351 mL). The median LV Out-Ob /RLV ratio was 32.4% (IQR, 26.5%-39.4%). The LV Out-Ob was significantly correlated with the higher ratios of LV Out-Ob /RLV ratios (Spearman's rank correlation coefficient, q 5 0.85; P < 0.001; Fig. 1 ). The 119 donors were further divided into 2 groups according to the median large-outflow-obstructed group (n 5 60; LV Out-Ob 263 mL) and small-outflow-obstructed group (n 5 59; LV Out-Ob < 263 mL). Patient characteristics according to the groups are detailed in Table 2 . The male ratios were significantly higher in the large-outflow-obstructed group than in the small-outflow-obstructed group (51:9 versus 40:19; P 5 0.03). There were no significant differences among the 2 groups regarding age, BMI, operative time, estimated blood loss, morbidity rate, postoperative hospital stay, or re-admission rate.
In terms of the recipients' outcomes, acute rejection rate was 25.2% in the recipients who received the left liver graft with the MHV (n 5 119), whereas that was 43.24% in the left liver graft without the MHV (n 5 74) and 24.4% in the right liver graft (n 5 258). The 1-, 3-, and 5-year overall recipient survival rates were 94.1%, 88.2%, and 87.3%, respectively, in the recipients who received the left liver graft with the MHV; 86.5%, 82.4%, and 78.4%, respectively, in the recipients who received the left liver graft without the MHV; and 90.3%, 85.7%, and 83.3%, respectively, in the recipients who received the right liver graft.
POSTOPERATIVE LIVER FUNCTION PARAMETERS ACCORDING TO LV Out-Ob
Postoperative liver function parameters were significantly more impaired in the large-outflow-obstructed group than in the small-outflow-obstructed group: serum AST levels on postoperative day (POD) 7 (87.6 versus 69.3 IU/L; P 5 0.01); TB levels on POD 3 (1.1 versus 0.9 mg/dL; P 5 0.02); and the INR-PT on POD 1 (1.4 versus 1.3; P 5 0.03), on POD 3 (1.2 versus 1.1; P 5 0.002), and on POD 7 (1.2 versus 1.1; P 5 0.01). There were no significant differences between the groups with respect to serum ALT or the amount of ascites (Fig. 2) .
EVALUATION OF REMNANT LIVER HYPERTROPHY ACCORDING TO LV Out-Ob
Of 119 patients, 25 in the large-outflow-obstructed group and 16 in the small-outflow-obstructed group underwent CT in other institutions and were excluded from the evaluation. Thus, 35 patients (male/female Table 3 , did not differ significantly between the large-outflow-obstructed and NOTE: Data are given as n (%). The male/female ratios were not significantly different between the large-outflow-obstructed and small-outflow-obstructed groups; 30:5 versus 29:14 (P 5 0.07).
FIG. 3.
Liver hypertrophy ratios of remnant right liver and right paramedian sectors were significantly higher in the small-outflowobstructed group than in the large-outflow-obstructed group. (A) Remnant right liver: 30.7% 6 18.7% versus 20.6% 6 14.6% (P 5 0.01). (B) Right paramedian sector: 18.9% 6 23.7% versus 7.4% 6 16.5% (P 5 0.02). (C) Liver hypertrophy ratios of right lateral sectors were similar between the groups: 45.4% 6 25.0% versus 42.5% 6 22.1% (P 5 0.38).
small-outflow-obstructed groups (65.7% versus 67.4%; P > 0.99). Between the donors with venous communication and without venous communication, the regional liver volume was not significantly different: LV Out-Ob , 246 (181-335) mL versus 284 (214-358) mL (P 5 0.14). The hypertrophy ratios of the remnant right livers and right paramedian sectors were significantly higher in the small-outflow-obstructed group than in the large-outflow-obstructed group: remnant right livers, 30.7% 6 18.7% versus 20.6% 6 14.6%, respectively (P 5 0.01); right paramedian sectors, 18.9% 6 23.7% versus 7.4% 6 16.5%, respectively (P 5 0.02; Fig. 3) . When comparing the hypertrophy ratios depending on the development of intersegmental communication, the hypertrophy ratio of the right paramedian sectors was significantly higher in donors who developed intersegmental venous communication (n 5 52, 66.7%) than in those who did not (n 5 26, 33.3%): 18.0% 6 20.9% versus 6.0% 6 21.0%, respectively (P 5 0.02; Fig. 4 ). Figure 5 shows hypertrophy ratios after further division of the large-outflow-obstructed and smalloutflow-obstructed groups into 2 subgroups each with respect to the positive or negative development of venous communication. Liver hypertrophy ratios of remnant right livers were not impaired in the smalloutflow-obstructed group with venous communication (34.2% 6 18.2%), compared with the other groups: small-outflow-obstructed group without communication (23.5% 6 18.0%), large-outflow-obstructed group with communication (21.5% 6 11.9%), and the largeoutflow-obstructed group without communication (18.8% 6 17.5%; ANOVA, P 5 0.01). We found similar results on liver hypertrophy ratios of the right paramedian sector.
Discussion
This study demonstrated that the procurement of the left liver graft with the MHV was safely performed with minimal morbidity by assessing the donor remnant right liver volume with and without outflow obstruction. The postoperative hepatic parameters were somewhat poorer in donors with large amounts of outflow obstruction than in those with small outflow obstruction. The LV Out-Ob influenced remnant liver hypertrophy. Indeed, the incidence of liver hypertrophy was significantly higher in remnant livers with small outflow-obstructed regions than those with large outflow-obstructed regions. Intersegmental venous communication developed postoperatively in 52 of 78 donors (66.7%) and had an effect on remnant liver hypertrophy.
Following living donor liver transplantation using the left liver graft, outflow obstruction occurs in the donor remnant liver and reportedly causes impairment of regeneration and postoperative hepatic parameters. (8, 9, 17) FIG. 5. (A) Remnant liver hypertrophy ratios were significantly higher in the small-outflow-obstructed (1) group than in the largeoutflow-obstructed (-) and large-outflow-obstructed (1) groups: small-outflow-obstructed (1) group versus large-outflow-obstructed (-) group: 34.2% 6 18.2% versus 18.8% 6 17.5% (P 5 0.04); small-outflow-obstructed (1) group versus large-outflow-obstructed (1) group: 34.2% 6 18.2% versus 21.5% 6 11.9% (P 5 0.04; Holm's method adjustment following ANOVA). (B) Right paramedian sector hypertrophy ratios were significantly higher in the small-outflow-obstructed (1) group than in the large-outflow-obstructed (-) group: 23.7% 6 23.1% versus 2.9% 6 19.9%, P 5 0.02 (Holm's method adjustment following ANOVA). (C) Right lateral sector hypertrophy ratios were similar among the 4 groups (ANOVA, P 5 0.732).
However, the effects of the LV Out-Ob on short-term outcomes and regeneration remain unclear. Postoperative hepatic parameters were slightly more impaired in the large-outflow-obstructed group than in the smalloutflow-obstructed group (Fig. 2) . Postoperative complication rates were similar, regardless of LV Out-Ob . However, the poor hepatic reserve may impair the postoperative course, especially for donors with postoperative morbidities. Liver hypertrophy was observed in remnant liver with outflow obstruction. Hypertrophy of large outflow-obstructed regions was significantly less, however, than that of small outflow-obstructed regions (Fig. 3) . The effect of the LV Out-Ob /RLV ratio is likely to be similar because of the correlation between the LV Out-Ob and the LV Out-Ob /RLV ratio (Fig. 1) . Given the above-mentioned findings, our graft selection criteria using the donor RLV without outflow obstruction is reasonable. The small LV Non (for example, < 30% to the TLV) can be unsuitable for donor candidates no matter how sufficient the remnant right liver is. To ensure donors' safety, the RHV drainage territories in donor remnant right livers should be carefully evaluated, in addition to the estimation of graft liver volumes (GLVs), especially when outflow-obstructed regions (divided MHV territories) are large.
Another finding of the study was that 66.7% of divided MHV tributaries developed venous communication with the RHV. That seems reasonable because Sakaguchi et al. demonstrated that intersegmental venous communication between the RHV and MHV tributaries was observed preoperatively in 60.1% of patients by occlusion venography of the RHV. (18) Moreover, our results showed increased liver hypertrophy in remnant livers that developed venous communication compared with those that did not (Fig. 4) . In particular, liver hypertrophy was significantly greater for small outflow-obstructed regions that developed venous communication (Fig. 5) . That finding could be attributable to sufficient compensation of venous drainage in regions around divided HVs, whereas large outflow-obstructed regions may suffer insufficient venous drainage even when venous communication develops.
The main limitation of the study is its retrospective nature. Background characteristics were not homogeneous between the groups. Predictors of venous communication development were not found in the study. Nonetheless, our study is the first to demonstrate the effect of the LV Out-Ob , with or without development of venous communication, on short-term outcomes and regeneration of donors.
In conclusion, the procurement of a left liver graft with the MHV was safely performed with minimal morbidity by assessing the donor remnant right liver volume with and without outflow obstruction. It is important to note that postoperative hepatic parameters and remnant liver hypertrophy were impaired in the remnant livers with large outflow-obstructed regions compared with those with small outflowobstructed regions.
